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NASA TT F-11,280 

ON THE ROLE OF HYDROGEN I N  THE PROCESS OF STEEL FAILURE 
I N  NEUTRAL CORROSIVE MEDIA 

V. I. Tkachev and R. I. Kripyakevich 

ABSTRACT. Low-cycle p l a s t i c  f a t i g u e  ( a l t e r n a t i n g  deforma- 
t i o n  above t h e  y i e l d  po in t )  was s tud ied  on 08 KP steel  (0.09% 
C,  0.37% Mn, 0.019% S i ,  traces of P and S) i n  o rde r  t o  de te r -  
mine l o w  degrees of hydrogen absorption tak ing  place i n  neu- 
t r a l  e l e c t r o l y t e s  (3% N a C l  so lu t ion ) .  The specimens w e r e  sub- 
j e c t e d  t o  bend tests beyond the elastic l i m i t s  ( p l a s t i c  fa- 
t i g u e )  a t  a frequency of 0.8 cps on an IMA IP-1 machine. A 
platinum s p i r a l  served as t h e  anode during po la r i za t ion .  From 
t h e  test r e s u l t s ,  "polar iza t ion  curves ,'I 5. e . ,  graphs of p l a s -  
t i c  f a t i g u e  (number of cycles up t o  f a i l u r e )  versus  dens i ty  
of t h e  cathodic p o l a r i z a t i o n  cur ren t  were p lo t t ed .  The curves 
obtained f o r  t h e  a c t i o n  of n e u t r a l  and ac id  e l e c t r o l y t e s  i n  
t h e  presence of ca thodic  po la r i za t ion  w e r e  q u a l i t a t i v e l y  simi- 
l a r ,  which c o n s t i t u t e s  an i n d i r e c t  confirmation of t h e  hydro- 
gen embrittlement of t h e  m e t a l  i n  n e u t r a l  e l e c t r o l y t e s  i n  t h e  
presence of p l a s t i c  f a t igue .  The decrease i n  p l a s t i c  f a t i g u e  
under the  inf luence  of hydrogen a t  r e l a t i v e l y  low ca thodic  
cu r ren t  d e n s i t i e s  is  reinforced by t h e  presence of stress con- 
c e n t r a t o r s  produced by s e l e c t i v e  corrosion. 

S ide  by s i d e  wi th  the  opinion t h a t  carbon steels may absorb hydrogen i n  
n e u t r a l  e l e c t r o l y t e s  wi th  p H e 7  [l-71, t he re  e x i s t  o the r  views which deny o r  
neg lec t  t h e  e f f e c t  of hydrogen on t h e  mechanical p r o p e r t i e s  of m e t a l s  during 
cor ros ion- fa t igue  f a i l u r e  i n  these  e l e c t r o l y t e s  [8-131. 

/688* 

The r o l e  of hydrogen i n  t h e  f a i l u r e  process under these  condi t ions  can be 
determined by i n v e s t i g a t i n g  t h e  dependence of t h e  mechanical p r o p e r t i e s  on po- 
l a r i z a t i o n  cu r ren t  dens i ty ,  and by comparing t h e  cha rac t e r  of t h i s  dependence 
f o r  n e u t r a l  e l e c t r o l y t e s  wi th  t h a t  observed i n  ac id  media i n  which hydrogen ab- 
s o r p t i o n  unquestionably occurs. 

I n  a number of s t u d i e s  [l, 2 ,  8-10, 12-14] i t  has been shown t h a t  i n  neu- 
t r a l  e l e c t r o l y t e s  without  any po la r i za t ion  cu r ren t ,  cor ros ion- fa t igue  f a i l u r e  
occurs as a r e s u l t  of t h e  combined e f f e c t  of mechanical stresses and e l ec t ro -  

. chemical co r ros ion  of t he  most a c t i v e  p a r t s  of t h e  m e t a l .  I n  [2 ,  41 i t  w a s  
e s t a b l i s h e d  t h a t  t h e r e  e x i s t  c r i t i c a l  cathode cu r ren t  d e n s i t i e s  above which t h e r e  
appears a pronounced tendency t o  cracking due t o  hydrogen absorp t ion  of t h e  
metal i n  n e u t r a l  e l e c t r o l y t e s .  

According t o  [8-121, a cathode cu r ren t  density g r e a t e r  than 5-10 A/dm r e s t o r e s  
t h e  mechanical p rope r t i e s  of t h e  m e t a l  t o  t h e  l e v e l  obtained i n  tests i n  air. 
The va lue  of t h i s  dens i ty  depends d i r e c t l y  on t h e  stresses, t h e  a c i d i t y  of t h e  

However, i n  o the r  s t u d i e s  t h i s  w a s  not observed. 
2 

*Numbers i n  t h e  margin i n d i c a t e  pagination i n  t h e  fo re ign  t e x t .  
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medium, and t h e  ambient temperature. The au thors  f e e l  t h a t  t h e  r e s t o r a t i o n  of 
t h e  p rope r t i e s  of t h e  metal is  due t o  the  t o t a l  n e u t r a l i z a t i o n  of t h e  e f f e c t  of 
t h e  cor ros ion  f a c t o r  by cathode pro tec t ion .  

I However, i n  s t u d i e s  by o the r  i nves t iga to r s  [l, 2, 4 ,  6 ,  141, f u l l  res tora-  
t i o n  of mechanical p rope r t i e s  under condi t ions of cathode p ro tec t ion  w a s  no t  ob- 
served. 
which decreases  the  s t r eng th  of s tee l  at high cathode cu r ren t  d e n s i t i e s .  

Therefore,  t h e  problem of t h e  e f f e c t  of cathode p o l a r i z a t i o n  and of hydro- 
gen on t h e  corrosion f a t i g u e  s t r e n g t h  of steel  i n  n e u t r a l  e l e c t r o l y t e s  a t  l a r g e  

cathode cu r ren t  d e n s i t i e s  (above 5-10 A/dm ) remains unsolved. C l a r i f i c a t i o n  
of t h i s  problem must include an account of the r o l e  of stresses and s t r a i n s ,  
s ince  t h e  da t a  i n  [l, 15-17] i n d i c a t e  t h a t  t h e s e  f a c t o r s  s i g n i f i c a n t l y  enhance 
t h e  a c t i o n  of hydrogen on t h e  mechanical p rope r t i e s  of metals. 

This may b e  due t o  i n t e n s i f i c a t i o n  of t h e  hydrogen absorp t ion  process  

2 

It should be  noted t h a t  t h e  c r i t i c a l  va lues  f o r  cathode cu r ren t  d e n s i t i e s  
observed i n  [ 2 ,  41 cannot be  regarded a boundary between cathode and anode pro-1689 
cesses, b u t  only as a l i m i t  between predominance of one o r  t h e  o t h e r  process.  
The condi t ions  which determine t h e  degree t o  which each of them p a r t i c i p a t e s  i n  
corrosion-fat igue des t ruc t ion  have not  y e t  been inves t iga t ed  and r equ i r e  clari- 
f i c a t i o n .  It i s  t h e  purpose of t h i s  paper t o  reso lve  these  problems. 

Research Method 

A s  i s  w e l l  known 1181, t h e  most s e n s i t i v e  method f o r  de t ec t ing  t h e  e f f e c t  
of hydrogen on t h e  p rope r t i e s  of a metal i s  t o  sub jec t  specimens t o  mechanical 
p l a s t i c  deformation tests such as a l t e r n a t e  bending o r  t o r s ion ,  i n  which even 
extremely s m a l l  qi.ianti+-iec cf zbscrbed h-ydrogeil liiteriere wich p i a s  t i c  deforma- 
t i o n  and l e a d  t o  rap id  f a i l u r e .  Under these  condi t ions l o c a l  hydrogen concen- 
t r a t i o n  m a y  a t t a i n  very high va lues ,  although the average f o r  t h e  whole sample 
i s  i n s i g n i f i c a n t  . 

The p r e s e n t  paper conta ins  a s tudy of low-cycle p l a s t i c  f a t i g u e  ( a l t e r -  
n a t i n g  c y c l i c  deformation above t h e  y i e l d  p o i n t ) ,  which permit ted es t imat ion  
of small degrees  of hydrogen absorpt ion occurr ing i n  n e u t r a l  e l e c t r o l y t e s .  

The i n v e s t i g a t i o n s  were made i n  f l a t  specimens of 08 KP steel (0.09% C;  
0.37% Mn; 0.019% S i ;  traces of P and S) .  The specimens ( t o t a l  l ength ,  110 mm; 
l eng th  of the test sec t ion ,  20 mm; c ross  sec t ion ,  3 x 1 0  mm) w e r e  c u t  from a 
s h e e t  i n  the d i r e c t i o n  of r o l l i n g ,  mil led,  annealed a t  850°C, and then pol ished.  
Before t e s t i n g , t h e  specimens were ca re fu l ly  degreased with acetone and e thylene  
d i ch lo r ide .  

The c o r r o s i v e  medium w a s  a 3% N a C l  so lu t ion ,  chemically pure o r  with su l -  /690 
f u r i c  a c i d  added. During the  test  the  e l e c t r o l y t e  w a s  a g i t a t e d  i n t e n s i v e l y  and 
cont inuous ly  renewed s o  t h a t  t h e  s o l u t i o n  w a s  completely replaced every 30 min- 
u t e s .  

The specimens w e r e  subjec ted  t o  two-dimensional bending beyond the e las t ic  

2 



Figure 1. 
(a) a l l  specimens exposed t o  a 3% solu- Current Density D 

t i o n  of N a C l  and subjected t o  various maximum stresses as follows: 
(1) tjmax: = 6T; (2) 6ma = 1.05 A T ;  (3) 6max: = 1.35 AT.  (b) a l l  

specimens subjec ted  t o  a constant maximum stress 6 = 1.05 6T 

during exposure t o  media of var ious a c i d i t i e s ,  as follows: (4) 
3% N a C 1 ;  (5) 3% N a C l  + 0.01 normal H2S04; (6) 3% N a C l  + 0,l nnr- 

m a l  H2SQ4; (7) 3% N a C l  + 1 normal H2S04. 

Dependence of P l a s t i c  Endurance L i m i t  N on Cathode 

cath' 

max: 

l i m i t  ( p l a s t i c  f a t igue )  with a frequency of 0.8 cps on t h e  IHA IP-1 machine 
descr ibed i n  [19]. 
wi th  a s p i r a l  platinum anode. 

The po la r i za t ion  cur ren t  w a s  suppl ied by a s to rage  b a t t e r y  

The test r e s u l t s  w e r e  used t o  construct  "polar iza t ion  curves", i. e . ,  p l o t s  
of t h e  p l a s t i c  endurance l i m i t  (cycles  t o  f a i l u r e  fl) versus cathode polar iza-  
t i o n  c u r r e n t  dens i ty  (D ) (Figure 1). cath 

Resul ts  Discussion 

As may be  seen from Figure 1, a l l  the  curves have a similar shape, which 

A d i s t i n c t i v e  f ea tu re  of these  po la r i za t ion  curves is  
permits  t h e  conclusion t h a t  t he  processes i l l u s t r a t e d  by these  curves are 
q u a l i t a t i v e l y  similar. 
t h e  presence of two maxima (peaks). 

2 
always occurs  a t  t h e  same cathode current  dens i ty  (0.0125 A/dm ) and is  in- 
dependent of both t h e  ac id  concentrat ion and of t he  loading s t r e s s .  
maximum tends t o  s h i f t  toward t h e  smaller cathode cur ren t  d e n s i t i e s  and lower 

It is noteworthy t h a t  t he  f i r s t  maximum 

The second 
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plas t ic  endurance l i m i t s  a s  t he  l a t t e r  is lowered by t h e  e f f e c t  of two f a c t o r s :  
an increased loading stress and increased e l e c t r o l y t e  a c i d i t y .  
concent ra t ion  inc reases  t h e  t o t a l  amount of hydrogen absorbed by t h e  m e t a l ,  
whi le  increas ing  t h e  loading stress s t i m u l a t e s  t h e  d i f f u s i o n  of t h e  hydrogen t o  
t h e  f a i l u r e  zone. Both f a c t o r s  thus have t h e  same r e s u l t :  
l o c a l  hydrogen concent ra t ion  i n  t h e  zone of maximum stresses and shea r s ,  there-  
by acce le ra t ing  t h e  crack development process .  

Rais ing t h e  a c i d  

they inc rease  t h e  

Since t h e  above-mentioned curves have a s i m i l a r  shape i n  t h e  case of both 
n e u t r a l  (Figure l a )  and ac id  (Figure l b )  e l e c t r o l y t e s ,  i t  may be assumed t h a t  
t h e  f a i l u r e  mechanism is  a l s o  s imilar ,  t h a t  is, t h a t  hydrogen pene t r a t ing  t h e  
metal from t h e  e l e c t r o l y t e  p a r t i c i p a t e s  i n  t h e  f a i l u r e  process.  

An explana t ion  of t h e s e  r e s u l t s  may b e  found i n  the  t h e o r i e s  on cor ros ion  
d e s t r u c t i o n  of metals proposed by V. V. Romanov i n  [&lo], i f  we modify h i s  
treatment t o  inc lude  t h e  r o l e  of hydrogen i n  t h e s e  processes.  The cor ros ion  
c u r r e n t  generated a t  t h e  bottom of d i f f e r e n t  cracks inc reases  wi th  t h e  depth 
and narrowness of t h e  crack. Therefore, t h e  cathode p o l a r i z a t i o n  cu r ren t  w i l l  
f i r s t  absorb t h e  cor ros ion  p a i r s  formed by t h e  wider shallower c racks ,  and then 
t h e  p a i r s  formed by t h e  narrow deep cracks; t h a t  is, as t h e  dens i ty  of t h e  pro- 
t e c t i v e  cu r ren t  increases3 the  number of cracks which form and grow w i l l  decrease. 
When i t  reaches a c e r t a i n  dens i ty ,  t he  p ro tec t ive  cu r ren t  may completely i n h i b i t  
a l l  co r ros ion  processes occurring at the su r face  of t he  s t r e s s e d  metal. However, 
i n  most cases cathode processes are accompanied by cor ros ion  ( < . e . ,  mode) pro- 
cesses ,  w i th  t h e  r e s u l t  t h a t  hydrogen i s  r e l eased  a t  t h e  su r face  which pene- 
trates t h e  metal. Therefore,  increas ing  t h e  cathode cu r ren t  t o  i n h i b i t  corro- 
s i o n  processes a t  t h e  same t i m e  i n t e n s i f i e s  t h e  absorp t ion  of hydrogen by t h e  
metal. 

c I ~  A -  ar; exs=p.;s of po;arizati=n azzlysis we w i l l  CQEEjL-lnr +hn_ yn_=clltg 
of tests i n  a 3% N a C l  s o l u t i o n  with 5 = or (Figure 2 ,  curve a). 
can be  d i s t ingu i shed  i n  t h i s  curve. 
i nc rease  of  t h e  number of cyc les  t o  f a i l u r e  which i s  due t o  t h e  ordinary e f f e c t  
of cathode p ro tec t ion ,  t h a t  i s ,  t o  decrease i n  t h e  i n t e n s i t y  of genera l  corro- 
s ion.  The boundary of segment I f o r  a l l  t h e  curves shown i n  Figure 1 occurs a t  

a cons tan t  va lue  of Death equal t o  0.0125 A/dm . This i s  obviously r e l a t e d  t o  

t h e  p r o p e r t i e s  of t h e  material and does no t  depend on t h e  test  condi t ions  of 
loading  stress and ac id  concentration. Fur ther  i n c r e a s e  i n  the  cathode cur- 
r e n t  (segment 11) decreases t h e  number of growing cracks ,  s i n c e  t h e  growth of 
small cracks  i s  i n h i b i t e d  and only deep narrow cracks,which have s t ronge r  cor- 
ro s ion  c u r r e n t s  a t  t h e  bottom, can continue t o  grow. A s  t h e  number of growing 
cracks  l e s s e n s ,  stress concent ra t ion  near t h e  bottom of e x i s t i n g  cracks in-  
c r eases  ( t h e  a u t o d i s t r i b u t i n g  e f f e c t  of concent ra tors  decreases) [20], shorten- 
i n g  t h e  t i m e  t o  f a i l u r e .  A t  t he  same time, as t h e  cathode cu r ren t  i nc reases ,  t h e  
process  of hydrogen pene t r a t ion  i n t o  the metal through microcathode s e c t o r s  i s  
f a c i l i t a t e d .  
curve may be regarded as a process of  s e l e c t i v e  cor ros ion  enhanced by hydrogen 
abso rp t ion ,  whose e f f e c t  begins t o  appear a t  r e l a t i v e l y  high cu r ren t  d e n s i t i e s  
i n  t h i s  segment. 

Four segments /691 

Segment I i s  cha rac t e r i zed  by a s l i g h t  

2 

Therefore  the  t o t a l  process expressed by t h e  second segment of t h e  

4 



. .  Death 
Figure 2. Curve P l o t t i n g  Cycles t o  
F a i l u r e  N Versus Cathode Current Den- 
S i t Y  Death i n  a Neutral  E l e c t r o l y t e  

(0 = ar ) .  (a)  wi th  hydrogen e f f e c t ;  

(b) without  hydrogen e f f e c t  
ca l  shape of curve).  

Figure 3. Surface of 
Specimens A f t e r  F a i l u r e  
i n  a 3% N a C l  Solution. 

= 0.0125 A/dm2; (a) 
= 0.5 A/dm . (b) Death 2 

( theore  t i- 

These hypotheses are confirmed 
by t h e  cha rac t e r  of t h e  s u r f a c e  of t h e  
specimens a f t e r  t h e  test. The s u r f a c e  
of a specimen a f t e r  f a i l u r e  a t  a cur- 
r e n t  dens i ty  corresponding t o  t h e  f i r s t  
maximum (poin t  B ,  Figure 2) shows a 
network of cor ros ion  flaws with small 
cracks r a d i a t i n g  from them (Figure 3a). 
I n  t h e  sample specimen which f a i l e d  a t  
a cur ren t  dens i ty  corresponding t o  
po in t  C, l i t e r a l l y  only two o r  t h r e e  
well-grown cracks are present  and no 
traces of cor ros ion  can be  observed 
(Figure 3b). 

I n  segment 111 of curve a (Figure 
2) ,  cu r ren t  dens i ty  a t t a i n s  a protec- 
t i v e  level ,  ;.e.,  t h e  corrosion pro- 
cesses beginning a t  po in t  C complete- 
l y  cease t o  operate .  I f  t h e  process  
of hydrogen absorpt ion l ikewise  ceased, 
t h e  curve would assume the  shape shown 
i n  Figure 2b. The s lope  of segment 
I1 would become less steep, and i n  

segment 111 the  p l a s t i c  endurance l imii-would ap- 
proach t h e  values obtained i n  a i r ,  as w a s  observed 
i n  crack tests in which t h e  hydrogen e f f e c t  d id  not 
appear [8-141. Since i n  segment 111 of curve a t h e  
hydrogen e f f e c t  is  t h e  determining f a c t o r  i n  t h e  
f a i l u r e  process,  t h e  inc rease  of t h e  p l a s t i c  en- 
durance l i m i t  i n  t h i s  curve i s  not  s o  s t r i k i n g  as 
i n  curve b. 

/692 

The observed s m a l l  i nc rease  of t h e  p l a s t i c  en- 
durance l i m i t  i n  t h i s  segment of curve a may be  ex- 
p la ined  as follows. Due t o  ces sa t ion  of t h e  selec- 
t ive corrosion e f f e c t  and t h e  absence of deep stress 
concentrators ,  t h e  hydrogen i s  more uniformly d is -  
t r i b u t e d  through t h e  specimen. Although t h e  t o t a l  
amount of hydrogen present  increases ,  t h e  s e v e r i t y  
of t h e  hydrogen e f f e c t  is  lessened,  s i n c e  ( i n  con- 
trast t o  segment 11) t h e  condi t ions f o r  t he  concen- 
t r a t i o n  of hydrogen i n  t h e  f a i l u r e  zone become less 
favorable.  

With s t i l l  f u r t h e r  increase i n  the cu r ren t  
dens i ty  (beginning a t  po in t  D), t he  t o t a l  concentra- 
t i o n  of hydrogen i n  t h e  metal becomes t h e  de te r -  - 

mining f a c t o r  i n  t h e  f a i l u r e  process.  
t o t a l  hydrogen, t h e  endurance of t h e  specimen decreases  continuously i n  segment 
I V  . 

Because of t he  monotonic inc rease  of 

5 



Curve 7 (Figure l b )  shows t h a t  i n  t e s t s  i n  e l e c t r o l y t e s  with a r e l a t i v e l y  
, high ac id  concentrat ion,  increas ing  the  cathode cu r ren t  does not  sharp ly  reduce 
I t he  number of cycles.  

I n  t h i s  case hydrogen absorpt ion is  r a the r  i n t e n s i v e  and occurs without 
cathode po la r i za t ion ;  that  is ,  the  amount of hydrogen en te r ing  i n t o  the  metal 
is  q u i t e  s u f f i c i e n t  t o  produce embrittlement, and increased  hydrogen absorpt ion 
only s l i g h t l y  reduces s t rength .  
stress loads (Figure 1, curve 3), when the  cumulative e f f e c t  of p l a s t i c  deforma- 
t i o n  bu i lds  up so  rap id ly  t h a t  n e i t h e r  hydrogen absorpt ion nor  corrosion can 
e x e r t  much inf luence  on the f a i l u r e  process. 

The same may be s a i d  of m e t a l  f a i l u r e  a t  high 

, 

The shape of t he  curves obtained w i l l  obviously no t  be t h e  s a m e  f o r  a l l  
metals. It is determined by many f a c t o r s  assoc ia ted  wi th  the  p rope r t i e s  of t h e  
ind iv idua l  metal, p r imar i ly  by its tendency t o  cor ros ion  and hydrogen absorp- 
t ion .  

Conclusions 

1. F a i l u r e  under a l t e r n a t i n g  p l a s t i c  deformation y i e l d s  po la r i za t ion  , 
curves which are q u a l i t a t i v e l y  s i m i l a r  f o r  condi t ions of ac id  and n e u t r a l  elec- I 
t r o l y t e s  w i th  cathode polar iza t ion .  
b r i t t l e m e n t  of t he  metal i n  n e u t r a l  e l e c t r o l y t e s  i n  t h e  presence of p l a s t i c  
f a t igue .  

This i n d i r e c t l y  confirms t h e  hydrogen em- 

2, The decrease i n  p l a s t i c  endurance 1i i i iLt  under t h e  inf luence  of hydro- 
gen a t  r e l a t i v e l y  low cathode cur ren t  dens i t i e s  i s  enhanced by the  presence of 
stress concentrators  c rea ted  by s e l e c t i v e  corrosion. 
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